Speckle can complicate signal acquisition in coherent laser systems such as Laser Doppler Vibrometry (LDV). Variations in the speckle pattern at the reliever due to fluctuations in the system such as beam pointing can lead to impulsive events in the signature. The beam size at the object has a direct influence on the size of the speckle at the receiving aperture. Increasing the beam spot size reduces the average speckle size, but also decreases the strength of the signal coupled with the local oscillator in the LDV. In this paper, we derive the relationship between scattering spot size at the object and average speckle size at the receiver. Theory is presented on how increasing the beam diameter at the object can reduce the fluctuations of the heterodyned signal coupled with the Local Oscillator (LO). The Antenna theorem is presented to show the tradeoff between angular field of view and capture area. We show experimental results on the effects of speckle size and decreasing signal strength have on the stability of an LDV signature. We use a kurtosis metric previously reported in the literature to assess the stability and quality of the return signature.
INTRODUCTION
Laser-Doppler Vibrometry (LDV) is an established technique for evaluating the Doppler shift of coherent laser light to measure a target object's motion without contact [1] . Illuminating a driven target with the laser vibrometer produces scattered light that contains a phase shift proportional to the velocity of the target in the direction of the laser. The vibrometer collects a region of the scattered light and uses the principle of optical heterodyning, or "beating", to mix it with a coherent reference beam. The mixed beam of light is then imaged on to a photodetector and the collected intensity produces a time dependent velocity measurement. LDV has become a standard tool in a wide range of industrial and military applications. Specialized designs of the measurement head allow for a variety of purposes ranging from vibrational analysis of mechanical structures to 3D mapping of local environments. Advancing LDV systems are capable of covering distances ranging from several centimeter to several meter away [2] .
Optically rough surfaces will produce scattered light that varies in phase when illuminated by a coherent laser source. The scattered light is of the same frequency as the coherent laser beam and interferes constructively and destructively as it propagates through space. A camera can be used to capture a region of the scattered light to produce an interference pattern known as a speckle pattern. Speckle can complicate signal acquisition in coherent laser systems such as LDV.
The random intensity pattern of speckle is a manifestation of the random phase at the receiving aperture. This random phase directly affects the phase measurements made by an LDV. The LDV integrates the electric field over the receiving aperture. Variations in the integrated electric field are introduced by beam pointing or atmospheric disturbances which can lead to impulsive events in the signature at the receiver. These impulsive events lead to a strongly fluctuating signal power. Theories on the effects speckle noise have on LDV measurements have been developed [3] , and experimentally verified [4, 5] .
The beam size at the object has a direct influence on the variations of the electric field at the receiver plane. One measure of the variation is the size of the speckle at the receiving aperture. As will be shown in the next section, increasing the beam spot size at the target by defocusing the beam, reduces the average speckle size but also decreases the strength of the signal coupled with the local oscillator in the LDV. The size of speckle with respect to the integrating aperture will affect the stability of the signature. Fluctuations in the phase and amplitude measurements of the electric field across the integrating aperture can lead to impulsive behavior if the instrument is subjected to external motions. [7] , to assess t For fully developed speckle, the received field is composed of multitude complex contributions. Each contribution consists a random amplitude and random phase that are independent of one another. The independent random phase is uniformly distributed on the interval (-π, π). The free space propagation geometry for the following theory is presented in Fig. 2 . We will assume our observation plane is located in the Fresnel region and that the roughness of our object is on the order of several wavelengths.
Beam diameter versus speckle spot size
Due to the random nature of speckle, a statistical approach is used to calculate properties of a speckle field. One property of interest is the average size and shape of the speckle. The average size of a speckle in a fully developed speckle pattern can be shown to have a direct correlation to the area of the scattering spot or "beam" spot size on the target object. We start by writing an expression for the intensity correlation between two points of a single speckle pattern [8] :
This relationship defines the intensity autocorrelation function Γ as a function of the mean irradiance and the electric field correlation coefficient , , in the observation plane. Indices (n,m) refer to two different points in a speckle realization that are separated by (Δx,Δy). The normalized covariance function of the speckle intensity is related to the autocorrelation function by:
where we have assumed 〈 〉 = 〈 〉 = 〈 〉. The average size of a speckle can be defined as the equivalent area of the normalized covariance function of speckle intensity [8] . The equivalent area, also called "correlation area" or "coherence area", is written as:
This expression is similar to temporal coherence and coherence time except coherence area is associated with spatial coherence. For the case of a uniform circular source we find coherence area to take the following form [8] :
where A is the area of the scattering spot and Ω is the solid angle subtended by that spot. We see that due to the inverse relation between scattering spot size and coherence area, a larger illuminated region will produce smaller speckle and a smaller illuminated region will produce larger speckle. As Goodman points out, the free space geometry is fundamentally two-dimensional, thus a reasonable approximation of the one-dimensional width of a speckle is the square root of the coherence area presented above.
Power versus speckle size
A second point of interest of the speckle field is the strength of the return signal coupled with the local oscillator in the LDV. The mixing theorem states that variations in the integrated electric field lead to power fluctuations in the heterodyned signal [10] . These power fluctuations are measured by calculating the total average power falling onto the receiving lens aperture of the LDV device. The power spectral density can be used to describe the relative intensity fluctuations in the heterodyned signal and is shown to have a direct correlation to the scattering spot size on our target object. We begin by writing an expression for the autocorrelation of the optical fields immediately after the scatting surface with a few assumptions. The correlation of wave front upon reflection of our scattered surface in, Fig. 2 , is given by [8] :
where is a constant and is the intensity of the light at coordinates ( , ) leaving the object. This leads to a relationship similar to the van Cittert-Zernike theorem [11] :
where
. By normalizing this equation and ignoring quadratic phase term, we can then write coherence normalized correlation coefficient in the following form:
We now can find the autocorrelation function of the intensity distribution in the speckle pattern by substituting Eq. (7) into Eq. (1). Using the Wiener-Khinchin theorem to obtain a power spectral density of the speckle pattern, we are able to represent the distribution of intensity fluctuation power in the two dimensional spatial frequency plane as follows:
It represents the distribution of fluctuating power over spatial frequency. The second term in Eq. (8) is the normalized and scaled autocorrelation function of the intensity distribution I(α,β) at the scattering spot. For uniform illumination, the intensity ratio reduces to simply 1/A as previously discussed. Thus the power spectral density can be written as follows:
We are presented with an inverse relationship between the scattering spot area and power spectral density of the speckle pattern intensity. Thus a larger illuminated region will introduce greater coupling of the returned signal with the LO. As a result, an increase in stability when coupling to the LO leading to less fluctuations of the power in the heterodyned signal are observed.
The Antenna Theorem
Optical heterodyne receivers, for example an LDV system, are in principle both a receiver and an antenna. As an antenna, it can be characterized by the effective aperture or capture cross section that is present to a signal plane wave arriving from any specified direction. [12] Figure 3 (a) illustrates this concept by presenting a signal wave front inclined at an angle θ to the local oscillator at the receiving aperture. When θ=0, the returned signal at all points on the surface of the receiver contribute with the same phase to the LO signal. However for θ≠0, different points on the surface of the receiver will contribute intermediate frequency (i.f.) signals with different phases, and the total overall signal will decrease. We can observe the heterodyne signal drop to zero when [13] :
where λ is the wavelength of the signal. To understand the limitation for the integrated cross section of the receiving aperture, we define a projected solid angle that may be associated with the signal transverse field mode. The solid angle geometry is presented in Fig. 3(b) , and is given by [13] :
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CONCLUSIONS
With LDV systems becoming a standard tool in a wide range of industrial and military applications, the need to investigate stability in return signatures is of increasing importance. Impulsive return signatures due to fluctuations of the integrated speckle pattern at the receiver contribute to signature instability. In this paper, we have shown that fluctuations in the integrated signal coupled to the LO can be reduced by increasing the beam size at the object. The Antenna theorem was presented to show the tradeoff between increasing the angular field of view of an optical heterodyne receiver and its effective aperture area. The resulting loss of signal must then be traded against the increase in stability.
Images of speckle patterns produced from four beam spot diameters illustrate the decrease in speckle size as the beam size at object is increased. Measurements show a decrease in standard deviation as the beam spot size at the object is increased, indicating less fluctuation is present in the heterodyne signal. Spectrogram plots of the signal measurements show a decrease in the strength of the return signature coupled to the LO as the beam spot reaches a maximum diameter. A kurtosis metric previously reported in literature [7] was implemented to further show the stability of the return signatures. The results show that larger beam diameters at the object fulfill the KR metric resulting in the successful collection of stable measurements. From the experimental results we can conclude that an optimal beam spot diameter on the object exists that produces stable heterodyned signatures with sufficient signal strength.
